An analytical procedure using a new high performance liquid chromatography (HPLC) for the sensitive measurement of thiosulfate (S 2 O 3 2-) in natural water was examined. Using a Shodex Asahipak NH2P-50 (4E) column and the HPLC system, thiosulfate was identified clearly by UV absorption at 215 nm with 100 mM Na 2 HPO 4 (pH 8.5) as a solvent. Thiosulfate could be quantified in less than 20 min with a detection limit of about 10 pmol which corresponds to an injection of 20 mL from a standard with a concentration of 0.5 mM. Starting at the lowest detectable concentration, the calibration curve for thiosulfate was linear over a concentration range of four orders of magnitude. Thiosulfate analysis was not affected by the saline concentration of samples at up to 1 M NaCl. This procedure was applied to water samples of a meromictic lake, Lake Suigetsu, Fukui, Japan. Thiosulfate was found in lake water sampled below the chemocline at a concentration of less than 1-60 mM but not in the oxic surface water.
INTRODUCTION
In anoxic environments such as aquatic sediments and the deeper layers of stratified water, sulfur undergoes bacterial transformation, a process known as the microbial sulfur cycle. The dissimilatory sulfur cycle of aquatic environments is driven by a combination of reductive and oxidative bacterial processes. The sulfate-reducing bacteria (SRB) are notable for their end product, hydrogen sulfide, which in chemical properties and physiological effects is a troublesome substance. As a reductant, hydrogen sulfide traps dissolved oxygen in water and is converted to several sulfur oxianions such as elemental sulfur (S 0 ), sulfite (SO 3 2-), thiosulfate (S 2 O 3 2-) or tetrathionate (S 4 O 6 2-). [1] [2] [3] [4] [5] [6] [7] Most products of sulfide reoxidation have been recognized to be thiosulfate. [2] [3] [4] Then thiosulfate is used as an electron donor or acceptor during oxidative or reductive reactions by a variety of bacteria. Jørgensen, 2, 3, 7 and Fossing and Jørgensen 8 revealed that thiosulfate plays a key role in the sulfur cycles in limnic and marine sediments or microbial mats by a radiotracer technique. Bacteria able to disproportionate thiosulfate were also isolated from freshwater, brackish and marine sediments and appear to be widely distributed in nature, and some SRB can disproportionate inorganic sulfur compounds. 9, 10 These results indicate that thiosulfate may be important for the turnover of sulfur compounds in natural environments.
The concentration of thiosulfate in water may reflect the characteristics of the region and bacterial metabolism. Little is, however, known about the concentrations and distributions of thiosulfate in situ. 1, 5, [11] [12] [13] The distribution of thiosulfate in environments may provide important information about the microbiological metabolism and/or biogeochemical cycling of sulfur. In the present study, a new high performance liquid chromatography (HPLC) is described for the sensitive analysis of thiosulfate in nature. As an example of its application, the concentration of thiosulfate was measured in natural water samples of a meromictic lake in Japan. Furthermore, the sampling technique for thiosulfate analysis was discussed.
acetate powder (approximately 0.2 g) on board. All samples were kept in an ice box, then brought to the laboratory as soon as possible.
Analytical system and conditions for thiosulfate analysis
The HPLC system consisted of a Gulliver inert system (Jasco, Tokyo, Japan). All of the flow system was coated with polyether etherketon (PEEK) or other plastic materials. Thiosulfate was separated with a Shodex Asahipak NH2P-50 (4E) column (250 ¥ 4.6 mm i.d.) and Shodex Asahipak NH2P-50G guard column (10 ¥ 4.6 mm i.d.), and detected by the use of UV970 Intelligent UV/VIS detector at 215 nm. All analyses were performed at 40°C with a flow rate of 1 mL/min. Na 2 HPO 4 , which has no UV absorption, was used as solvent. The pH of the solvent was adjusted with 1 M HCl. The solvent and standard solution of thiosulfate were prepared with ultrapure water treated by E-pure (Barnstead, Dubuque, IA, USA). Samples were filtered through 0.45 mm Cosmonice Filters (Millipore, Tokyo, Japan) and immediately injected into the HPLC system. Chromatograms were recorded on a computer using the Borwin system (Jasco).
Sulfide and sulfate analyses
Total sulfides in the water fixed with zinc acetate were measured spectrophotometrically by the methylene blue method as previously described.
14 Sulfate was measured by BaSO 4 precipitation and turbidometry. 15 Figure 2 shows how retention time, peak area and peak height of thiosulfate depended on the concentration of the solvent used for HPLC analysis. Retention time of thiosulfate increased with a decrease of the solvent concentration, but peak height decreased. At concentrations above 100 mM Na 2 HPO 4 , the pressure on the column was near limit. Furthermore, increasing the concentration of the solvent did not decrease retention time. For these reasons, we chose 100 mM Na 2 HPO 4 as the solvent.
RESULTS AND DISCUSSION

Chromatographic analysis of thiosulfate
With 100 mM Na 2 HPO 4 (pH 8.5), a good separation of thiosulfate, sulfide, nitrite, and nitrate was obtained as shown in Fig. 3 . As the pH value of the solvent was 9.5, the peak of thiosulfate overlapped with nitrite. From the above results, 100 mM Na 2 HPO 4 (pH 8.5) was selected as the solvent for HPLC analysis of thiosulfate. Figure 3 also shows that another sulfur anion, sulfide, did not affect the analysis. When sulfide was added to samples at approximately 3 mM, which is the mean Thiosulfate in a lake FISHERIES SCIENCE 1077 into the saline Lakes Hiruga and Kugushi through artificial channels, Saga Tunnel and Urami Canal, respectively. Lakes Hiruga and Kugushi are connected to the Japan Sea by narrow and shallow entrances. Seawater enters Lake Suigetsu through Lakes Hiruga and Kugushi only at high tide. For the present study, one station was selected in the central part of Lake Suigetsu.
Dissolved oxygen, temperature and salinity
Temperature, salinity and dissolved oxygen (DO) concentration in the water of Lake Suigetsu were measured by the use of Oxygen Meter Model 58 (YSI, Yellow Springs, OH, USA) and Salinity Temperature Bridge Model 602 MKII (YEO-KAL, Brookvale, NSW, Australia).
Collection of water sample
Water samples were collected by the use of Kitahara's Water Sampler (RIGOSHA, Tokyo, Japan). The samples for thiosulfate analysis were immediately poured into a DO bottle to prevent contact with air. The samples for sulfide analysis were fixed with a small spoonful of zinc concentration of sulfide in the hypolimnic water of Lake Suigetsu (see below), thiosulfate analysis was not affected (data not shown).
The separation of thiosulfate was not affected by the salt concentration of the injected samples (Fig. 4) . NaCl did not affect the thiosulfate analysis up to 1 M, showing that this analysis of thiosulfate worked equally well on freshwater and marine or saline samples.
Sensitivity, reproducibility and linearity
The detection limit was determined by injection of standard solution of thiosulfate. It was about 10 pmol, which corresponds to an injection of 20 mL from a standard with a concentration of 0.5 mM thiosulfate. Table 1 shows the reproducibility of the measurements of thiosulfate. The coefficient of variation (cv) was 10.4% for 0.5 mM thiosulfate, 5.6% for 1.0 mM thiosulfate and 1.3% for 10.0 mM thiosulfate. Thus, the reproducibility of measurements of thiosulfate was very high. The sensitivity and reproducibility of the analysis were the same as for the ion chromatographic technique described by Bak et al. 1 but much better than for the spectrophotometric method of Koh et al. 16 The calibration curve for thiosulfate is shown in Fig. 5 . The peak area of thiosulfate increased linearly with concentration over a remarkably wide range of almost four orders of magnitude.
Recovery
Known amounts of thiosulfate, equivalent to the natural sampler and then immediately poured into DO bottles. For the sake of comparison, some samples were kept in bottles without a cap. All samples were stored at 4°C. As shown in Fig. 6 , the concentration of thiosulfate increased with time for storage whether the sample was sealed or not. However, when the sample was exposed to air, thiosulfate increased markedly (cv 22.6%) with a concomitant decrease in sulfide (data not shown). Although the thiosulfate concentration also increased when the sample was sealed, it could be determined with high reproducibility (cv 9.8%) within 5 h of sampling. There are several methods for measuring thiosulfate in situ but for most, the sampling procedure has not been examined. 1, 5, [11] [12] [13] The results of this experiment indicated that thiosulfate was unstable in anoxic water samples. Thus thiosulfate should be determined as soon as possible after sampling, within at least 5 h. Figure 7 shows seasonal changes in the vertical distributions of temperature, salinity and DO concentration in the water of Lake Suigetsu. The temperature of the surface water in Lake Suigetsu ranged from 3.3°C in the winter to over 30°C in the summer. However, the temperature below the metalimnion was constant throughout the year. Salinity below the cline was also stable at concentration, were added to the water samples of Lake Suigetsu. Then, the added thiosulfate was determined and recovery calculated. As shown in Table 2 , the thiosulfate added to the water was recovered without loss by this procedure.
Dissolved oxygen, temperature and salinity
Procedure for sampling and storage of water for thiosulfate analysis
Procedures for water sampling and storage were examined. Water samples were collected with Kitahara's water 
In situ concentration of thiosulfate in Lake Suigetsu
The seasonal changes in the vertical distribution of thiosulfate, sulfide and sulfate in the water of Lake Suigetsu are shown in Fig. 8 . Measurements were taken from September 1996 to January 1998. Sulfide in the water was analyzed as the precursor of thiosulfate. Sulfide was detected in water below 7 m at concentrations of 0.01-7.21 (mean = 3) mM, and increased in concentration with depth. In the water near the bottom, sulfide was accumulated at concentrations of 6-7 mM. This concentration was twice to threefold as high as that measured in 1960s. 17, 18 It seems that sulfide accumulated in the process of years because of the higher activities of SRB and the stability of Lake Suigetsu. Although seasonal change in sulfide content was not observed, the content of sulfide was somewhat low in warm seasons of 1997 in common with the profile of salinity.
Sulfate was found at all depths. The sulfate concentration varied with water depth, being highest (6-8 mM) at the oxic-anoxic interface, and then decreasing with depth. Since most of the sulfate in the deeper layer of the lake originated from seawater, it is possible to calculate the initial concentration of sulfate in the water from the data on the salinity (chlorinity) given in Fig. 7 . In the deeper layer of the lake, sulfate contents measured were 20-40% of those calculated. This indicates that bacterial sulfate reduction takes place actively in the bottom water.
Thiosulfate was detected in anoxic water below the cline (6-7 m) of Lake Suigetsu. Although the water temperature and salinity were constant below the metalimnic water, the thiosulfate concentration ranged from 1 mM or less to 60 mM. The mean concentration of thiosulfate in the water below the cline was about 15 mM. This concentration was remarkably higher than that in lake and soil sediments which did not exceed 1 mM, 1, 13 but was in the range in marine microbial mats. 11, 13 The peaks of thiosulfate concentration were observed in the metalimnic water of the lake. No correlation between the thiosulfate content and sulfide or sulfate content in the water of Lake Suigetsu was observed. Thiosulfate concentration decreased when sulfide concentration decreased in warmer season of 1997. Thus, thiosulfate and sulfide profiles showed similar variations with depth, which may suggest coupled transformation of the two species. Thiosulfate was not detected in oxic surface water. Thiosulfate is one of the main products of sulfide oxidation in both marine and freshwater sediments. [2] [3] [4] 19 In Lake Suigetsu, sulfide may serve as precursor of thiosulfate.
The highest concentration (63.0 mM) of thiosulfate was observed at the 15 m depth of water in February 1996. This high content of thiosulfate could be due to the higher activity of production or lesser activity of consumption. It has been well established that SRB and thiosulfate-disproportionating bacteria play an important role in the metabolism of sulfur as thiosulfate consumers in anoxic sediments. 4, 9, 10 If thiosulfate is consumed by bacteriological processes, the consumption rate could be affected by environmental temperature. However, the water temperature below the metalimnion of Lake Suigetsu is stable throughout the year. Other environmental factors have an influence on the consumption of thiosulfate.
On the other hand, little is known about the in situ production of thiosulfate in waters. Thiosulfate was presumably produced by chemical and biological oxidation of reduced sulfur compounds such as sulfide or elemental sulfur. 8 The chemical and bacterial production in situ of thiosulfate in water needs to be studied focusing on the biogeochemical process of sulfur metabolism.
CONCLUSIONS
The new HPLC technique described here is a fast, simple, sensitive, and highly reproducible method for the measurement of thiosulfate in nature. The analysis of freshwater and marine samples worked equally well. Samples for thiosulfate analysis must be sealed to prevent contact with air and the measurement must be carried out as soon as possible, within at least 5 h.
